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Introduction
Practically all biological processes are mediated by the
interactions of proteins with other macromolecules.
Nevertheless, a straightforward and direct method to
map protein sites involved in macromolecular interac-
tions has not been available until recently. DNA foot-
printing is a highly popular technique used to map DNA
sites involved in protein–DNA interactions [1]. In this
approach, end-labeled DNA is subjected to limited
degradation by a non-specific nuclease, such as DNase I,
in the presence and absence of an interacting protein.
The products of the cleavage reaction are then separated
by electrophoresis, the relative mobility of the end-
labeled DNA fragments being directly related to the
distance of the nuclease cleavage site from the end of the
DNA. The precise position of the protein-binding site on
the DNA is determined by observing nuclease cleavage
sites that become protected in the presence of the
protein. Jue and Doolittle [2] showed that a similar
approach to identify protected  cleavage sites in proteins
might be feasible. Several problems prevented the
general application of protein footprinting, however:
firstly, the specific end-labeling of native proteins was
not as straightforward as end-labeling DNA; secondly,
proteolytic enzymes were unsuitable for footprinting as
they cleave only a limited number of sites in a protein,
and in a highly sequence-dependent manner; and thirdly,
electrophoretic separation of the cleavage products did
not provide a direct read-out of the protected cleavage
sites due to the low resolution and anomalous mobility of
small protein fragments.
Since then, however, these problems have been solved
or ameliorated through a number of advances: the devel-
opment of methods to specifically and quantitatively
end-label proteins with radioactivity [3]; the develop-
ment of Fe–EDTA as a general, peptide backbone cleav-
age reagent (i.e. hydroxyl-radical cleavage); and the de-
velopment of improved electrophoretic separations [4,5],
as well as quantitative methods for the calibration and
analysis of the results [6,7].
Thus, hydroxyl-radical protein footprinting is emerging as
a powerful new tool to map protein sites involved in inter-
actions with macromolecular ligands [6–9].
Here, we summarize some important points that need
to be considered when performing and interpreting a
protein footprinting experiment. Throughout the discus-
sion we will refer to an example protein footprinting
experiment: an analysis of the interaction between the
Arf1 GTPase and a macromolecular ligand, the guanine
nucleotide exchange factor Sec7 homology domain of
human ARNO [9] (Figure 1).
Hydroxyl-radical protein footprinting
Radioactive end-labeling of proteins
As with DNA footprinting, the logic of protein footprint-
ing depends on quantitative and specific end-labeling of
the protein to be footprinted (the test protein). This can
be achieved through the introduction of a phosphorylation
site (amino acid sequence Arg-Arg-Ala-Ser-Val) to the N or
C terminus of the test protein using molecular biological
methods [3]; many useful expression vectors have now
been reported for this purpose [10,11]. Incubation of the
test protein with calf heart protein kinase and γ-labeled
ATP results in radiophosphorylation of the serine residue
of the phosphorylation sequence.
Before beginning any footprinting project, it is important
to show that the native test protein is not phosphorylated
by the kinase at an internal ‘cryptic’ site. This must be
done in the laboratory, not by examining the test protein
sequence. If a cryptic site is present, labeling conditions
can sometimes be found that eliminate or reduce label-
ing to acceptably low levels compared to the usually
robust labeling of the heterologous site. If labeling at the
cryptic site cannot be eliminated, the experiment cannot
proceed as all of the subsequent analysis depends on the
test protein being specifically end-labeled. While the
occurrence of cryptic sites is not so general as to make
this end-labeling method useless, their occurrence is not
unprecedented (for instance, see [12]) and they must be
tested for.
It must also be shown that the terminal modifications to the
test protein do not disrupt folding or interactions with the
ligand. How this is shown will depend on the binding
and/or activity assays available in each specific case. It is
possible that modification of the test protein terminus with
the phosphorylation sequence may interfere with the
folding of the test protein, resulting in insolubility upon
overexpression of a normally soluble protein. Although
various refolding procedures can often reconstitute the activ-
ity of the test protein, extreme caution should be exercized
when using refolded protein for protein footprinting. Such
care is needed because although the presence of a very
small fraction of misfolded test protein in the sample may
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Figure 1
Hydroxyl-radical protein footprinting of the
Arf1 GTPase. (a) Autoradiogram showing the
results of Fe–EDTA cleavage of a truncated
version of Arf1, [∆1–17]Arf1. The protein was
32P-labeled at a C-terminal phosphorylation
site and subjected to Fe–EDTA cleavage. The
reaction products were separated on a 17.5%
tricine SDS polyacrylamide gel, followed by
autoradiography. Reactions were performed in
both the absence (lanes 1, 3 and 6) and
presence (lanes 2, 4 and 7) of a
macromolecular ligand, the guanine
nucleotide exchange factor Sec7 homology
domain of human ARNO. Two major sites on
Arf1 that are protected from cleavage by the
Sec7 domain are indicated with square
brackets on the left. Sites of cleavage were
calibrated using standards generated by
digestion of [∆1–17]Arf1 with the
endoproteinases Glu-C, Lys-C and Asp-N
(lanes 8–10, respectively). (b) Difference plot
derived from analysis of (a). Normalized
difference ([Icomplex – IArf1] / [Icomplex + IArf1]) is
plotted against Arf1 residue number.
Statistically significant differences according
to a Student’s t-test (confidence level of
0.995; see [7]) are denoted by black bars
above the x axis. Thick bars denote regions of
[∆1–17]Arf1 that are protected from cleavage
by the Sec7 domain; thin bars indicate sites
that become more sensitive to cleavage in the
presence of the Sec7 domain. (c) Summary of
the Fe–EDTA cleavage and footprinting
experiments. Shown are backbone
representations of nonmyristoylated human
Arf1 determined by X-ray crystallography [21].
On the left, backbone residues are color-
coded according to the Fe–EDTA cleavage
susceptibility of free [∆1–17]Arf1, according
to the data in (a): regions of rapid cleavage
are colored red and regions of slow cleavage
are colored white. On the right, backbone
residues are color-coded according to the
normalized difference analysis shown in (b):
regions protected from hydroxyl-radical
cleavage by the Sec7 domain are colored red,
unaffected residues are in white, and regions
of enhanced cleavage in the presence of the
Sec7 domain are in blue. The backbone
residues colored green were either absent
from [∆1–17]Arf1 used in the footprinting
analysis (essentially the N-terminal helix; left
and right views) or else could not be assigned
a cleavage susceptibility because of high
background from the band of full-length,
uncleaved [∆1–17]Arf1 (left view). The figure
was generated with the program GRASP
[27]. (These figures were adapted from [9]
with permission.)
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Structure
not result in a noticeable effect on an activity or binding
assay, its presence can drastically influence the Fe–EDTA
cleavage pattern because the misfolded fraction of protein
can be highly sensitive to cleavage. It is best to use
refolded proteins in footprinting experiments only when
an activity-based purification step is available (such as an
affinity column using the ligand to be tested in the foot-
printing experiment). As it is less likely that both the
N- and C-terminal modification of a test protein will inter-
fere with folding and activity, in practice it is probably
wise to investigate both the N- and C-terminally labeled
test proteins. This approach also has the advantage that if
both test proteins yield footprinting data, they serve as
excellent internal controls as both footprints should be
qualitatively the same [6].
Once the conditions outlined above are fulfilled, the test
protein can be labeled for the footprinting experiments
using [γ-33P]ATP. The lower energy beta particles arising
from 33P decay (0.248 MeV) compared with 32P (1.71 MeV)
do not penetrate and scatter as far into the detecting
medium, resulting in sharper bands. In principle, 35S end-
labeling would be even more advantageous in this regard
(0.167 MeV), and a convenient method has been developed
for [35S]Cys labeling at the C terminus of proteins (New
England Biolabs IMPACT system).
Fe–EDTA cleavage
The same chemistry used to generate hydroxyl-radicals
for DNA footprinting experiments [13] can be used for
protein footprinting. Several methods have been reported
to investigate protein cleavage by specifically tethered or
chelated Fe [14–20]. The footprinting method requires
cleavage of the polypeptide backbone with an efficiency
related to solvent accessibility. Cleavage of folded pro-
teins with Fe–EDTA and analysis of the cleavage prod-
ucts by sodium dodecyl sulfate polyacrylamide gel electro-
phoresis (SDS–PAGE) and autoradiography reveals discrete
bands of varying intensity (Figure 1a), indicating that the
peptide bonds throughout the protein do not have equal
rates of cleavage. This observation is consistent with the
idea that the cleavage pattern reflects the structure of the
protein, with high rates of cleavage indicating solvent-
exposed regions of the peptide backbone. This idea is
borne out by mapping the cleavage susceptibility along
the peptide backbone onto the X-ray crystal structure of
Arf1 [21] (Figure 1c). There is a general correlation
between solvent accessibility and cleavage susceptibility,
with highly exposed loops being most susceptible to
cleavage (red), relatively exposed regions of secondary
structure being less susceptible (yellow), and buried
strands of the protein being least susceptible to cleavage
(white). This general correspondence holds true for other
proteins with known structures (NL and SAD, unpub-
lished results). In addition, sidechain modifications or
other reactions that could alter the structure or inactivate
the protein should not occur at a significant rate compared
with backbone cleavage. Platis et al. [17] investigated the
Fe–EDTA cleavage of a model helical peptide and con-
cluded that, within the limited set of residues present in
the peptide (alanine, glutamate and lysine), modification
of sidechains did not occur at a detectable level. Further-
more, Heyduk and Heyduk [5] showed in a footprinting
study of catabolite activator protein that sidechain modifi-
cation and inactivation of the protein was not significant
compared with backbone cleavage. Amino acid sequence
effects on the efficiency of backbone cleavage have not
yet been thoroughly investigated. The general correspon-
dence of cleavage susceptibility with solvent accessibility,
however, suggests that the cleavage pattern is dominated
by the protein structure, not by the sequence. Moreover,
small sequence effects on Fe–EDTA cleavage would not
invalidate the footprinting analysis as the final result in-
volves a comparison between parallel cleavage reactions.
As with DNA footprinting, the validity of the protein foot-
printing method also requires that a large majority of the
cleaved protein molecules are cleaved only once (i.e.
‘single-hit’ conditions). This is to ensure that cleavage
products result from attack of Fe–EDTA on the native
protein and not on the product of a previous cleavage
event, which could have an altered structure. As long as a
large fraction of the molecules remain uncut, single-hit
conditions are satisfied [22]. In practice, test cleavage
reactions can be performed in which the concentration of
the cleavage reagents is varied. Cleavage conditions that
leave 85–90% of the molecules uncut (resulting in less
than 1% multiply cleaved molecules [22]) are then used
(note the strong band of full-length, uncleaved test
protein at the top of Figure 1a).
Analysis of the cleavage reactions
Fe–EDTA cleavage reactions of the end-labeled test
protein alone and in the presence of a large excess of the
unlabeled ligand are performed in parallel, and the cleav-
age products are analyzed by a tricine SDS–PAGE system
developed for the resolution of small polypeptides [4].
Electrophoresis is followed by phosphorimager analysis of
the gel (Figure 1a). Unlike the situation for DNA foot-
printing, the footprint on the test protein resulting from
the bound ligand may not be immediately apparent from
observation of the autoradiogram (although two sites of
protection are apparent in the experiment shown in
Figure 1a). The reason for this is mainly because single
amino acid resolution is not achieved by the SDS–PAGE
analysis. Careful quantitative analysis of the phosphorim-
ager intensities is required for the footprint to be fully
revealed. Critical steps of the analysis include alignment
of bands to correct for lane-to-lane gel distortions, normal-
ization of the data to correct for variable cleavage and gel-
loading efficiencies, and interpolation and averaging of
data from multiple lanes [6].
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Gel mobility of proteins is not related in a simple way to
the molecular weight, particularly for small protein frag-
ments generated by Fe–EDTA cleavage. Calibration of
gel mobility using molecular weight markers generated
from the test protein itself is essential to accurately
convert the gel mobilities into amino acid cleavage sites
[6]. The molecular weight markers can be generated by
residue-specific cleavage of the denatured test protein
using specific proteases, such as Lys-C, Glu-C, or Asp-N
(specific for lysine, glutamate and aspartate residues,
respectively), or chemical cleavage reagents, such as
cyanogen bromide, 3-bromo-3-methyl-2-(2-nitrophenyl-
mercapto)-3H-indole) (BNPS skatole), or 2-nitro-5-thio-
cyanobenzoic acid (specific for methionine, tryptophan
and cysteine, respectively [23]). The Fe–EDTA cleavage
products are then run on the same gel as an appropriate
set of the molecular weight markers and Fe–EDTA cleav-
age sites can be assigned by interpolation between the
known cleavage sites of the markers (Figure 1a). After
conversion into residue numbers, a normalized difference
plot can be calculated (Figure 1b). Finally, if necessary, a
Student’s t-test can be used to assess the statistical signifi-
cance of the difference plot [7].
It is important to be aware that cleavage products smaller
than about 40 amino acids and longer than about 90% of
the full-length test protein are not easily analyzed: the
shorter fragments are not well resolved on the gel or are
lost, and the longer fragments are obscured by the large
band resulting from the full-length, uncleaved protein.
Thus, the extreme N and C termini of the test protein are
usually not analyzed. The region of the native test protein
that is amenable to analysis can be extended if extra
amino acid residues (such as a hexahistidine tag) can be
inserted between the coding sequence of the test protein
and the phosphorylation site at the terminus without dis-
rupting folding or activity.
Interpretation
Although in principal protein footprinting is a direct mea-
surement of the effects of a binding ligand on sites within
the test protein, interpretation of the results should be
made conservatively because Fe–EDTA cleavage of the
polypeptide backbone can be very sensitive to small
changes in the local environment. Protection of a site on the
test protein from Fe–EDTA cleavage by the presence of a
ligand can be most simply interpreted in two ways: from a
direct association of the ligand with that site (blocking
access by hydroxyl-radicals); or from a conformational
change that altered the local environment, making cleavage
less likely. Enhancement of cleavage in the presence of the
ligand would be most likely to result from a conformational
change that made cleavage more likely. It is tempting to
interpret protection from cleavage as being due to a direct
interaction with the ligand. The access to information on
conformational changes is a powerful feature of the protein
footprinting method [8], but the effects of conformational
changes on Fe–EDTA cleavage make this direct interpreta-
tion less secure. Additional information, such as point sub-
stitutions within a protected region that affect the binding
of the ligand, can bolster this interpretation [6,9]. Alterna-
tively, the results of the protein footprinting analysis can
direct the generation of point substitutions to regions found
to be affected by ligand binding. As with most biophysical
results on proteins, interpretation of protein footprints are
dramatically facilitated if the structure of the test protein is
known (Figure 1c).
Future prospects
The resolution of the current protein footprinting method
is limited (probably to around 4–5 amino acids) by the res-
olution of the SDS–PAGE analysis and the accuracy of its
calibration. In principal, a read-out method exists that
could easily provide single amino acid resolution, electro-
spray mass spectrometry [24]. The high mass accuracy and
precision of mass spectrometry, however, requires that the
chemical mechanism of the Fe–EDTA cleavage of poly-
peptides be very well characterized, which is currently not
the case. The development and application of mass spec-
trometry would dramatically facilitate the analysis of
protein footprinting data. Finally, recent developments in
time-resolved synchrotron X-ray footprinting to nucleic
acids [25,26] provide exciting prospects for probing
protein–ligand interactions in a time-resolved manner at
millisecond time intervals.
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